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Abstract 
I-129 is a problematic nuclide generated from the recycling of spent fuel by pyroprocess. Gaseous form of radiogenic 
iodine is trapped by using silver exchanged zeolite (AgX) at Korea Atomic Energy Research Institute (KAERI). We 
developed the low melting temperature glass system based on Bi2O3-P2O5 composition. Various additives were added 
to modify glass properties. We found that ingots containing AgI are formed with ZnO, CaCO3, MgO, and Na2CO3 at 
around 600 Analysis of microstructure and chemical durability revealed that AgI was encapsulated by glass 
matrix and formation of AgI compound is meaningful in fabricating iodine waste form. 
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1. Introduction 
Nuclear energy is generated from the fission of uranium fuel by the collision of neutrons, remaining 
fission products emitting a lot of radioactivity and heat. In view of back-end fuel cycle, spent fuel is the 
object of direct disposal or reusing by wet reprocessing or dry processing called pyroprocess [1]. Spent 
fuels have to go through the process of high-temperature voloxidation which removes the fission gases 
such as Cs-137, Te-121, I-129 to enhance the efficiency of electrorefining [2]. Among them, I-129 is a 
problematic nuclide due to its long half-life of 1.57 107 years and the hazards when absorbed in human 
body [3]. In addition, iodide anions are very soluble to water, which makes the iodine waste spread widely 
[4]. In the past, iodine wastes were discharged and diluted into the ocean or atmosphere [5]. Considering 
the gradual increase of waste accumulation caused by the increase of nuclear power, however, it is 
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desirable that radioactive iodine waste should be converted into the stable waste form, to be deposited in 
the permanent disposal site.  
Currently, high level wastes generated from the back-end fuel cycle are being processed in the 
commercial facility to become borosilicate glass waste forms and schemed to be disposed in the 
repository permanently [6]. However, the conventional vitrifying process cannot be applied to the iodine 
waste, for the processing temperature of commercial vitrification is around 1,100-1,200  where much 
portion of iodine will be volatilized. In this regard, it is worthwhile to develop the immobilizing material 
of iodine which has chemical durability, preventing volatilization of iodine.   
In this study, we focused on the development of low melting temperature glass to immobilize iodine.  
General composition of borosilicate glass is silica, boron oxide, sodium oxide, etc. Silica and boron oxide 
belong to the group of network formers, so their function is to make strong covalent bonds forming SiO4 
and BO4 tetrahedra [7]. Although these bonding structures enhance the chemical durability of waste form, 
melting temperature of glass has to be high in order to break the strong bonds. In addition, iodine is hardly 
soluble in silicate-based glasses [7], so it is inappropriate to select silica for making the immobilizing 
materials of iodine. We examined the low melting oxides such as Bi2O3, P2O5, ZnO, etc. to fabricate glass 
systems with low melting temperatures. Then, waste forms were made using each glass in order to 
immobilize AgI which is formed during the trapping process of iodine using silver exchanged zeolite 
(AgX). Characterization of glasses and waste forms were studied using a thermal analyzer (TA), an X-ray 
Diffractometer (XRD), a scanning electron microscope and energy dispersive spectroscopy (SEM-EDS), 
and inductively coupled plasma-atomic emission spectroscopy (ICP-AES) and atomic absorption 
spectroscopy (AAS) for minor elements.  
 
2. Experimental  
Metal oxides prepared for the fabrication of Bi2O3-ZnO-P2O5 glasses were Bi2O3 (Daejung, 99.0%), 
ZnO (Kokusan, 99%), and NH4H2PO4 (Oriental, 98.0%). These raw materials were mixed with varying 
molar ratios to investigate the glass forming region of Bi-Zn-P-oxide glass system. Glass compositions of 
samples were shown in Table 1. Then each sample with 25 g was poured into an alumina crucible and 
fired to melt these oxides in the muffle furnace (Lenton Co.) at 1,200  for 1 hour in air. Then air-cooled 
samples were examined to check the state of glass formation. The effects of additives were analyzed by 
adding the following additives with 10 mol% to Bi-P-oxide glass: Fe2O3 (Junsei), Al2O3 (Sigma-Aldrich, 
99.7%), B2O3 (Junsei), ZnO (Kokusan, 99%), CaCO3 (Showa, 99.5%), MgO (Dongyang, 96.0%), and 
Na2CO3 (Junsei, 99.8%). The procedure of glass fabrication is same with the former case. Then waste 
forms were fabricated by mixing the above glasses and AgI (Sigma-Aldrich, 99%) powders. Glasses were 
powdered by pestle and mortar, and then each glass powder was mixed with AgI powder at 25 wt%. The 
mixtures were then thermally treated in the muffle furnace from 500-650  for 3 hours in air.  
Thermal behavior of the glasses was analyzed during heating using a thermal analyzer (TA, Setsys) in 
air flow at a heating rate of 10 /min. Analysis of crystalline state in samples was carried out by XRD 
(Rigaku, Cu K  radiation), and the microstructure was revealed by SEM-EDS (JSM-6300, JEOL). The 
chemical durability was tested by using Product Consistency Test (PCT-A) method according to ASTM C 
1285-02. The powdered samples sieved between 75 and 150 m were placed in deionized water (2 g 
powder and 20 mL water) in a tightly sealed PTFE bottle. The ratio of surface area and leachant volume 
was about 10-1 cm-1. Then the mixtures were stored in oven at 90  for 7 days. The leachates were 
filtered by 0.45 m syringe filters and then analyzed by using ICP-AES/AAS to determine the 
concentrations of the ions in the leachates.  
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Table 1. Glass compositions of Bi2O3-ZnO-P2O5 glasses (mol%) 
 
Sample # Bi2O3 ZnO P2O5 
1 50 0 50 
2 40 10 50 
3 30 20 50 
4 20 30 50 
5 10 40 50 
6 40 0 60 
7 30 10 60 
8 20 20 60 
9 10 30 60 
10 30 0 70 
11 20 10 70 
12 10 20 70 
13 20 0 80 
14 10 10 80 
15 10 0 90 
 
3. Results and Discussion 
Glasses with low melting temperature are desirable in fabricating iodine waste forms to prevent 
volatilization of iodine. So we focused on low melting oxides such as Bi2O3, P2O5, ZnO, PbO, B2O, V2O5, 
etc. for our raw materials. Among many oxides, phosphorus pentoxide P2O5 is one of the glass formers 
which enable low melting glass [8, 9]. Study on Na2O-Bi2O3-Al2O3-P2O5 glass systems reported that the 
addition of Bi2O3 instead of Al2O3 improved chemical durability of sodium phosphate glasses since Bi3+ 
contributed to the glass network similar to Al3+ [10]. In addition, it is reported that the chemical durability 
of phosphate glass was improved by the addition of ZnO due to the network modifying behavior of ZnO 
[11]. Based on these facts, our first selection was Bi2O3-ZnO-P2O5 glass system. Since P2O5 has relatively 
good glass-forming ability, we constrained the composition of P2O5 more than 50 mol% [7]. The ternary 
diagram of glass formation in Bi2O3-ZnO-P2O5 is determined through the results of our glass fabrication 
(Fig. 1). The glass forming region studied by Elouadi is also drawn with solid line in the diagram [12]. As 
is known from the phase diagram, the substitution of P2O5 to Bi2O3 more than 40 mol% is not good in 
forming glassy materials. This can be explained by the depolymerization of phosphate chains, which 
results in weakening the ability of glass formation [13, 14]. However, it can be also seen that the glass 
forming ability is recovered as bismuth oxide is replaced by zinc oxide. This indicates that ZnO plays a 
role as a network former which replaces P-O-P bonds to P-O-Zn bonds without loss of vitrifying ability 
[15].  
The next step to develop chemically durable glasses was to add trivalent metal oxides to phosphate 
glass matrix to improve the resistance to water corrosion [16]. The additives selected were Fe2O3, Al2O3, 
B2O3, ZnO, CaCO3, MgO, Na2CO3, which were mostly known to improve chemical durability of 
phosphate glasses [16]. Because we aimed to develop ternary phosphate glass systems, the base glass was 
determined as 30mol% Bi2O3 and 70 mol% P2O5 to guarantee the glassy material. Then additive oxides 
were added with replacement of 10 mol% of Bi2O3. The results of glass fabrication are shown in Fig. 2. 
Examination of surfaces with bare eyes easily tells us that all samples became good glassy material 
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except the base glass. This also can be supported by the XRD results in Fig. 3. There are no peak patterns 
in the XRD graphs of glass 1 to glass 7. However, some peak patterns exist in the base glass as expected 
from the examination of the base glass. Peak identification reveals that the peak pattern corresponds to 
bismuth phosphate, BiPO4. This result indicates that Bi2O3 in phosphate glass plays a role of network 
former by forming BiO6 octahedra, but the effect decreases if the content of Bi2O3 is more than 20 mol% 
[11].  
 
 
Fig. 1. Glass forming region of Bi2O3-ZnO-P2O5 glass system (lozenge: crystal, circle: glass, check: neither).  
 
 
 
 
 
 
Fig. 2. Morphology of the additive added glasses ((a) : Fe2O3 added, (b) : Al2O3 added, (c) : B2O3 added, (d) : ZnO 
added, (e) : CaCO3 added, (f) : MgO added, (g) : Na2CO3 added, (h) : no additive added). 
 
 
TGA analysis of the additive added glasses was performed to examine the volatile characteristics of 
the glasses. TGA results for the eight glasses are shown in Fig. 4. Each samples was heated at a heating 
rate of 10 /min from room temperature to 1450 The y-axis of the graph is the mass fraction of the 
initial mass of the glass. The total loss of mass in each glass to 1450 is 5-18% which varies with the 
additives added. The mass of glasses with additives of CaCO3 and Na2CO3 was lost relatively high due to 
the volatilization of CO2 contained in the glasses. The small decline observed up to 1,100 was 
attributed to the removal of H2O and volatilization of glass compounds. The abrupt decrease of mass 
starts above 1,100 , which in other words means that the fabricated glasses are thermally stable until 
1,100 .  
To examine the temperature of ingot formation of glasses and AgI, the powdered glasses and 25 wt% 
AgI were heated at 500, 550, 600, and 650  for 3h. As shown in Fig. 5, good ingot was not formed until 
550  in all samples, and glassy bulk materials began to appear from 600  in samples with additives of 
ZnO, CaCO3, MgO, and Na2CO3. The iodine mass loss of each sample at 650 was around 5 wt% 
(Table 2). The additives all belong to the group of network modifiers or intermediates which can lower 
the glass transition temperature [7]. These results suggest that waste form of iodine can be made by using 
glass materials and AgI without much loss of iodine during heat treatment. 
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The micrographs of the good ingots examined by SEM-EDS show that AgI particles with size range of 
20-250 m are encapsulated by surrounding glass matrix (see Fig. 6). The inhomogeneous size of AgI is 
attributed to the incomplete grounding. To realize homogeneous and small size particles, more severe 
crushing is required.  Elemental analysis by energy dispersive spectra reveals that the chemical interaction 
between AgI particle and glass material did not occur. In other words, the glass matrix just provides AgI 
with physical barrier. Bubbles which can be removed by controlling heating condition exist with size of 
10-50 m in the glass matrix.
 
Fig. 3. XRD patterns of the additive added glasses. 
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Fig. 4. TGA analysis of each glass.  
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Chemical durability of the waste forms was evaluated by the PCT-A test. The concentrations of 
elements in leachate are given in Table 3. The concentration of Ag and Bi is below 0.5 ppm, which is 
caused by the low solubility of silver and bismuth in water. However, the concentrations of other 
elements except iodine are not good, which means that the modification in glass composition or heat 
treatment is needed to enhance the durability of binder. The concentration of iodine is also below 0.5 ppm, 
which was possible due to the low solubility of AgI, 3 10-9 g/ml in water at 20 . The low 
concentration of iodine in leachate indicates that the formation of silver iodide is preferable in fabricating 
iodine waste form.  
 
Fig. 5. Morphology of samples after heat treatment at different temperatures (sample 1: glass (a) + 25 wt% AgI, 
sample 2: glass (b) + 25 wt% AgI, sample 3: glass (c) + 25 wt% AgI, sample 4: glass (d) + 25 wt% AgI, sample 5: 
glass (e) + 25 wt% AgI, sample 6: glass (f) + 25 wt% AgI, sample 7: glass (g) + 25 wt% AgI, sample 8: glass (h) + 25 
wt% AgI).  
 
4. Conclusions 
This study tried to develop viable waste forms for radioactive iodine by using low melting temperature 
glasses as binder. We determined the molar ratio of Bi2O3-P2O5 base glass from the glass making 
experiments, and then additive added ternary glasses were fabricated. We found that among various 
additives, ZnO, CaCO3, MgO, and Na2CO3 enables the ingot formation around 600 , where 
volatilization of AgI is effectively restrained. Although the immobilization of AgI is based on physical 
encapsulation by glass matrix, the iodine was hardly leached in water due to the low solubility of AgI. 
These results are meaningful that iodine waste can be processed by forming AgI compound and using low 
melting temperature glass as immobilizing binder. The next study will be focused on the optimization of 
glass composition and development of matrix compatible with iodine. 
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Table 2. Percentage of iodine loss after each heat treatment (unit: wt%) 
 
 
Sample 4 
(Additive : ZnO) 
Sample 5 
(Additive : CaCO3) 
Sample 6 
(Additive : MgO) 
Sample 7 
(Additive : Na2CO3) 
500  1.5 1.5 1.0 1.5 
550  2.0 2.0 1.0 2.0 
600  2.5 3.0 2.5 3.0 
650  3.5 5.5 3.5 3.5 
 
Table 3. Concentration of elements in leachate from the PCT leaching test, analyzed by ICP-AES/AAS (unit: 
ppm) 
 Sample 4 Sample 5 Sample 6 Sample 7 
Ag < 0.5 < 0.5 < 0.5 < 0.5 
Bi < 0.5 < 0.5 < 0.5 < 0.5 
P 11,000 10,700 10,800 10,200 
Zn 2,000 - - - 
Ca - 860 - - 
Mg - - 870 - 
Na - - - 1,600 
I < 0.5 < 0.5 < 0.5 < 0.5 
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Fig. 6. Fractured surfaces of the additive added samples by SEM ((a) : sample 4, (b) : sample 5, (c) : sample 6, 
(d) : sample 7). 
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